Starting from (R,R)-tartaric acid we have synthesized eight N-and N,N-(di-)alkyl dicarbohydrazides 3 and 4, by two general methods, which were able to form two M 2 L and ML complexes. These target compounds were further used as model nitrogen ligands coordinating Cu 2+ ions. Whereas the formation of the first type of complexes is linearly dependent on the increasing electron-donating ability of the appended alkyls, the ML complexes were significantly affected by both electronic and steric effects of the alkyl groups used. These observations were supported by theoretical calculations of both complex types. The target compounds were also employed as chiral nitrogen ligands in the asymmetric version of the Henry reaction. Modest chemical yields and low enantioselectivities were attained for ligand 3a bearing one methyl group on each terminal nitrogen atom. Structure-property relationships were also evaluated to gain useful guidelines for ligand design targeting catalysts for asymmetric reactions.
Introduction
Tartaric acid, with its C 2 -symmetric backbone, represents an unique, chiral, and readily available building block used for the construction of many optically active compounds. 1 Since the The syntheses of target N-alkylated dicarbohydrazides were carried out in two ways. Whereas the first reaction path involves the reaction of the diester 1 with N-alkylhydrazines, the second path utilizes N-alkylation of dicarbohydrazide 2. The first reaction path is limited by the availability of corresponding N-alkylhydrazides. From the number of commercially available hydrazines such as N-methylhydrazine, N,N-dimethylhydrazine, 1-aminopiperidine, 2-hydroxyethylhydrazine, methyl carbazate, phenylhydrazine, N-methyl-N-phenylhydrazine, and tert-butylhydrazine hydrochloride, the S N reaction on 1 was successful only with N,N-(di)-methylhydrazine, tert-butylhydrazine, and 1-aminopiperidine. The reaction of 1 with N-methylhydrazine furnished 3a in 36%. Similar reaction with N,N-dimethylhydrazine afforded compound 4a in 31% yield, which, however, can be synthesized also by N-methylation of 2 (see below) in the slightly lower yield of 25%. In contrast, the reaction of 1 with N,Ndimethylhydrazine was very sluggish (30 days) . The desired dicarbohydrazide of the reaction between 1 and 2-hydroxyethylhydrazine was not detected at all, while the reaction with methyl carbazate was very slow and only traces of the corresponding dicarbohydrazide were detected after 10 weeks. The reactions with tert-butylhydrazine and 1-aminopiperidine were successful and dicarbohydrazides 3b and 3c were isolated in 31 and 13% yields (Scheme 1). It should be noted that similar reactions with aromatic hydrazines always afforded a black mixture of inseparable products. All the afore-mentioned reactions were carried out as solvent-free or in solvents such as MeOH and CH 2 Cl 2 . The detailed procedures are shown in Table 1 and the Experimental Section.
Because of the sluggish and problematic preparation of N,N-disubstituted dicarbohydrazides by S N reactions on 1, we turned our attention to modification of dicarbohydrazide 2. Although some new methods for N-modification of hydrazine derivatives have recently been developed by Mäeorg et al., [29] [30] [31] we have used simple N-alkylation. Thus, treatment of freshly-prepared labile dicarbohydrazide 2 with excess of alkyl iodides in the presence of NaHCO 3 and Na 2 S 2 O 5 afforded N,N-dialkyl dicarbohydrazides 4a-e (Scheme 2). The reaction course was strongly affected by the length of the used alkyl iodide. Whereas the reaction with methyl iodide required 12 h at 25 °C, the reaction with ethyl iodide took 4 days at 25 °C and 7 days at reflux. The butyl-and pentyl-derivatives 4d and 4e were alkylated for 30 days at reflux ( Table 1 ). The alkylation with higher alkyl iodides or branched alkyl iodides/bromides was unsuccessful. These reactions afforded most often inseparable mixture of products. This methodology was operationally very simple, however the purification of target compounds, especially those with short alkyls, was rather tricky owing to their solubility in water as well as in organic solvents. The isolated yields of pure compounds are thus generally lower than those determined by GC analysis of the crude reaction mixture (Table 1 ; Experimental Section).
Complexation. The formation of coordination compounds between metal ions M and ligand L can be in the solution described by the following reaction where m is the number of metal ions and n means the number of ligand molecules in the complex M m L n . The particular equilibrium is described by the stability constant of the complex defined by equation (1) 
where  mn is the stability constant of the complex M m L n . Spectrophotometric titration is a common technique used for the determination of the stability constants  mn . Thus, such titration Figure 1 . This picture clearly shows that the complex stability is approximately linearly dependent on the extent of the inductive effect of the substituents appended to nitrogen atoms of the hydrazido group. This relationship can be described by the following regression equation (2) log Me). The value of this constant is probably small showing that this particular complex is not being formed. However, the predicted log  21 value for 3a is shown in Figure 1 . Although the alkyl substituents appended to nitrogen atoms are sterically different, the dependence is linear. This implies that steric effects do not play significant role in the formation of M 2 L complex. This is in accordance with the theoretically calculated spatial arrangement of the M 2 L complex as shown in Figure 2 . In this complex, two Cu 2+ ions are peripherally coordinated by the carbonyl oxygens and terminal nitrogens of the each hydrazido group. A dependence of the log  11 values (ML complex) on the substituent constants  i is shown in Figure 3 . In this case, the dependence is not linear any more. However, Figure 3 shows a clear trend within the series of tetra-alkylated carbohydrazides 4a-4e. The complex stability raises with the increasing donating ability of the appended alkyl substituents (similar to M 2 L), passes through the maxima, and subsequently decreases for bulkier substituents. This is most probably caused by the higher steric demands of the particular substituents (Pr, Bu, and Pe), which hinder formation of stable complex. This situation is even more pronounced for ligands 3a (R = Me) and 3b (R = t-Bu). Similarly, the steric effects affect the coordination ability of ligand 3c (R = -(CH 2 ) 5 -), which possesses the electron density of the coordinating atoms comparable to ligand 4c (R = Pr), but is formed by a rigid six-membered ring (piperidine). From these observations we can deduce that the formation of ML complex is significantly affected by both electronic and steric effects. This is in accordance with the calculated structure of the ML complex as shown in Figure 2 . In this complex, one Cu 2+ ion is centrally coordinated by the two terminal nitrogens of the hydrazido groups. Moreover, in this case other coordinating ligands such as methanol (solvent) may sterically affect the formation of the ML complex. Starting from (R,R)-tartaric acid, we have synthesized the diester 1 and dicarbohydrazide 2. Both intermediates were used for the construction of N-and N,N-(di)-alkylated dicarbohydrazides 3 and 4. Whereas the synthesis of compounds 3 involved the reaction of diester 1 with N-alkyl hydrazines (R = Me, Bu, -(CH 2 ) 5 -), derivatives 4 were synthesized by tetra-fold N-alkylation of dicarbohydrazide 2 (R = Me, Et, Pr, Bu, Pe). The reaction course of N-alkylation was strongly affected by the length of the used alkyl iodides. All well-purified target compounds 3a-c and 4a-e were further used as model nitrogen ligands coordinating Cu 2+ ions and some important features were revealed. In general, both ligands 3 and 4 form two complex types with the ratio metal:ligand of 2:1 and 1:1. Whereas the formation of the M 2 L complex is linearly dependent on the increasing electron-donating nature of the appended alkyl substituents, the steric effects are engaged only negligible. On the other hand, the formation of ML complexes was affected by both electronic and steric effects. These observations are in accordance with the theoretical PM3/PM6 calculations of both complex types. Whereas M 2 L complex possesses two Cu 2+ ions coordinated peripherally to each carbohydrazide group, one Cu 2+ ion in the complex ML is bound centrally employing both dicarbohydrazide moieties. According to our previous studies, 6,10-11 we have attempted to employ Cu 2+ complexes of chiral ligands 3a-c and 4a-e as catalysts of the asymmetric Henry reaction. Using 4-nitrobenzaldehyde and nitromethane as reagents under standard condition, 6 the best results were achieved with ligand 3a (62% yield, 15% ee; R = Me). All other ligands provided the corresponding nitro-aldol but the enantiomeric excesses were almost zero. However, such behavior reflects the above discussed complexation ability. Compared to our previous TADDOL-like derivatives, 12 the stability constants of ligands 3 and 4 with Cu 2+ ions are generally lower. Considering ML type of the complex as an active catalyst of the Henry reaction, the stability constants of M 2 L complexes of 3-4 are higher (Table 2 ). It is anticipated that in the M 2 L complex, the asymmetric induction will be generally lower. Moreover, the investigation of ML complexes ( Figure 3) showed clearly a steric repulsion caused by the increasing alkyl chain length. Hence, only the ligand 3a which feature very low log  21 value (see Figure 1 ) and less sterically demanding methyl substituent showed some asymmetric induction.
From the aforementioned discussion we can conclude the following structural features affecting the complexation ability and enantioselectivity of ligands 3 and 4:  Complexes of ligands 3 and 4 with Cu 2+ ions are weaker than other TADDOL-like derivatives.  Ligands 3 and 4 form stable M 2 L rather than ML complexes.  Low concentration of the active catalyst -ML complex.  Sterically hindered complexes ML. We believe that this structure-property relationships study employing model tartrate-derived N-alkyl dicarbohydrazide ligands 3 and 4 and their coordination ability towards copper(II) acetate would serve as a useful guideline for ligand design targeting catalysts of asymmetric reactions.
Experimental Section
General. Reagents and solvents were reagent-grade, purchased from Penta, Aldrich and Acros and used as received. The starting dicarboxylate 1 was synthesized according to literature procedure. 25 Column chromatography was carried out with silica gel 60 (particle size 0. 
4R,5R)-N,N'-Bis-(piperidin-1-yl)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboamide (3c).
A mixture of the diester 1 (2.0 g; 9.2 mmol) and N-aminopiperidine (2.9 mL; 0.027 mmol) was stirred at 25 °C for 30 days and followed by GC/MS. The resulting crystals were filtered off and taken up in dichloromethane (100-200 mL). 
General method for the alkylation of 2 (synthesis of compounds 4a-e)
Into a solution of dicarbohydrazide 2 (12.5-15.8 mmol) in EtOH (25 mL), alkyl iodide (100.0 mmol), NaHCO 3 (8.4 g; 100.0 mmol), and Na 2 S 2 O 3 (0.2 g; 1.3 mmol) were added. The reaction mixture was stirred at 25 °C until complete disappearance of starting dicarbohydrazide (monitored by GC/MS). The reaction was then heated at reflux until complete conversion to the tetra-alkyl derivatives 4a-e (monitored by GC/MS). The reaction mixture was cooled to 25 °C, filtered, and the solvent was evaporated in vacuo. The crude products were purified by various methods. of methanol was measured at the end. The stability constants and molar absorption coefficients () of the complexes were calculated from the matrix of measured absorbancies (rowconcentrations, columns -wavelengths) employing the program OPchem. 33 The same program was used for the determination of the number of particles in the solution and for the indication of the complexes with the given ratio of metal:ligand. Calculations. The optimized geometries of unsubstituted tartrate dicarbohydrazide 2 and its complexes with Cu 2+ ions were calculated by the PM3 (ArgusLab) 34 and, subsequently, the PM6 methods (MOPAC2009). 35 
